With a method to systematically tune the mobility of the same graphene devices, we have investigated the dependence of magneto-thermoelectric transport properties of graphene on the carrier mobility. In zero magnetic field, we find that as the mobility increases, the Seebeck coefficient S xx exhibits a more pronounced diverging trend near the Dirac point. In an external magnetic field, regular oscillations in S xx are identified corresponding to quantized Landau levels (LLs). Only in high-mobility states, an extra pair of peak and dip in S xx emerges near the Dirac point that persists at least to 150 K and the sign of the peak/dip is reversed as the mobility increases. Based on the signatures in the electrical conductivity and the Hall conductance near the Dirac point, we argue that the extra peak/dip in S xx is associated with an insulating behavior. Furthermore, the main Nernst coefficient peak increases linearly as the mobility increases. Our magneto-thermoelectric transport results reflect the contrast in the electronic properties of graphene between low and high carrier mobility states.
INTRODUCTION
Graphene, a one-atom-thick sheet of carbon atoms densely packed in a honeycomb crystal lattice, has attracted much recent research interest due to its novel electronic property, superior thermal and mechanical properties. Of central interest is its electron transport property, which is not only determined by its unique band structure, but also strongly influenced by the impurity scattering and interaction effects.
For diffusive transport, the carrier mobility of graphene devices is found to be comparable to or larger than that of the conventional semiconductors. For example, a wide range of carrier mobility, from 1000 to 60000 cm 2 /Vs, has been achieved in exfoliated graphene devices on SiO 2 and h-BN substrates 1 , 2 .
Substrate-supported graphene devices are always susceptible to interfacial phonon scattering and scattering from a varying degree of charged impurities in the substrates 3 , 4 . The absence of those scatterings results in mobility as high as 200000 cm 2 /Vs 5, 6 in suspended devices. In substrate-supported devices, the carrier mobility varies from device to device. By controlling the charged impurity density, a main source of the scattering, the mobility can be modified. It has been shown that upon introducing metal atoms on top, charge transfer between these adatoms and graphene results in a shift in the Dirac point and consequently a degradation in mobility 7 , 8 . These effects highlight the importance of the disorders especially charged impurity scattering, as a disorder effect, in the transport properties of graphene.
Not only do disorders affect the electrical transport properties, but also the thermoelectric and magneto-thermoelectric transport properties which are fundamentally connected with the former via the Mott relation. In general, the thermoelectric transport coefficients are related to the energy-derivatives of the electrical transport coefficients; therefore, they are more sensitive to changes in the scattering rate. In particular, the sign of the Seebeck coefficient gives the information about the carrier type so that it is sensitive to particle-hole asymmetry. Hence, the thermoelectric transport serves as a unique tool to probe various effects on diffusive transport in graphene. The disorder effect on magneto-thermoelectric transport has been studied in both theories 9, 10, 11 and experiments 12, 13, 14, 15, 16 . For example, the dependence of S xx and S xy on carrier mobility was theoretically predicted for various regimes of classical transport 17 . In
Landau quantizing magnetic fields, a universal scaling for both electrical and thermoelectric transport coefficients was found for various disorder strengths 11 . While the experimental results for high Landau levels (LLs) are in agreement with theories, there is a discrepancy on the polarity (the sign) of the Seebeck coefficient near the zero-th LL 11 . In most experiments, graphene devices have random and fixed mobility values so that the direct relationship between the transport coefficients and mobility could not be easily established experimentally. Recently, we have shown that the low-temperature mobility of graphene can be reversibly tuned via controlling the high-temperature resistance level using ligand-bound Fe 3 O 4 nanoparticles plus toluene molecules 18 . In the same device, different resistance levels at room temperature represent different charge states of the graphene sheet. The room-temperature charge neutral state or the highest resistance state gives rise to the highest mobility state at low temperatures; a low room-temperature resistance state, on the other hand, gives rise to a relatively low mobility at low temperatures. This reversible tunability offers an unprecedented opportunity to systematically study the charge impurity effect on transport properties in the same graphene devices. It is the objective of this work to establish the dependence of the magneto-thermoelectric transport properties of single-layer graphene on the carrier mobility with this new capability.
II. Experimental details
Exfoliated single-layer graphene devices are fabricated on SiO 2 /Si using standard electron-beam lithography as described elsewhere 13, 15 . As shown in the inset of has also been reported previously 13 . We have carried out low-temperature magneto-transport and magneto-thermoelectric transport measurements in either Oxford He3 or PPMS system which covers the temperature range of 2 -300 K and magnetic field up to 8 T (He3) or 14 T (PPMS) respectively. The electrical resistivity is measured using the four-terminal method with an ac current source and a lock-in amplifier. The current amplitude for electrical measurements is below 0.1 μA . 
III. Effect of mobility on zero-field electrical and thermoelectric transport
We first study the transport properties in zero magnetic field. To calculate the carrier mobility for device A, we first find the carrier density for a given relative gate voltage using C g =115 aF/μm 2 , the capacitance of the graphene/SiO 2 /Si capacitor with a 300 nm thick observed in high-mobility states, accompanied by a sharper peak-to-dip transition around the Dirac point.
Clearly, the low-mobility state has a broader minimum conductivity plateau (Fig. 1a) , which is consistent with earlier experimental observations 1, 15 . From Figs. 1b, the low-mobility state also has a broader peak-to-dip transition in S xx . The width of the minimum conductivity plateau has been previously shown to be associated with the concentration of charged impurities in graphene 1 . We conclude that the peak-to-dip width in S xx is also related to this disorder effect. In low-mobility states, the divergent trend is significantly smeared. The diverging behavior was previously found to vary with the effective carrier density n in the vicinity of the Dirac point, as ~1 √ 13 . Note that S xx for all mobility states converges to the same values at high gate voltages on both electron and hole sides. At high ΔV g , we expect that the effective carrier density n is much greater than the charge density fluctuations n* induced by charged impurities near the Dirac point. Therefore, for different carrier mobility states, as n* varies, S xx differs significantly only near the Dirac point, and becomes more divergent when n* decreases. We conclude that the more divergent behavior in higher mobility states is a consequence of smaller n* due to the reduced concentration of charged impurities.
IV. Effect of mobility on magneto-thermoelectric transport: 150 K data transverse thermoelectric voltage response (Nernst signal) also starts to develop in the presence of a temperature gradient. Figs. 2a and 2b show a direct comparison of S xx between two mobility states: 8500 and 12900 cm 2 /Vs, of sample A for a set of magnetic fields measured at 150 K. At and below 2 T, S xx has similar behavior as the zero field data (Fig. 1b) except that the peak and dip positions (arrows) shift to larger V g . At higher magnetic fields, in the low-mobility state, the main peak and dip continue extending to higher V g , leaving a broader peak-to-dip transition near the Dirac point. At 8 T, a small plateau region at the Dirac point becomes visible. In astounding contrast, in the high-mobility state of the same device (Fig. 2b) , an additional pair of sharp peak and dip appears near the Dirac point starting from 4 T, while the main peak and dip are pushed to higher V g as in the low-mobility state. These sub-features close to the This is in sharp contrast with the behavior of S xx reported earlier, which was measured on graphene samples with mobilities less than 5,000 cm 2 /Vs 12,13 . In those low-mobility samples, S xx also has an extra peak and dip, but all with an opposite polarity, i.e. being negative (positive) on the hole (electron) side which has an opposite sign with respect to that of LL peaks (dips). In comparison, for the high-mobility sample in Fig. 2a , however, the signs of the sub-features are the same as the respective S xx peaks/dips at high LLs, i.e. the regular polarity.
From , where J is the electric current and E the electric field, both thermoelectric coefficients S xx and S xy are related to the tensor elements of the conductivity σ (or resistivity ρ) and the thermoelectric conductivity α. For the Seebeck coefficient S xx , S xx = ρ xx α xx -ρ xy α xy , where ρ xy and α xy are the Hall resistivity and transverse thermoelectric conductivity and ρ xx and α xx are the longitudinal counterparts.
At higher LLs, S xx has a definitive sign for electrons or holes as it is dominated by the contribution from the second term ρ xy α xy . However, as both ρ xy and α xx change signs at the zero-th LL, S xx changes sign as well but its polarity is determined by the relative strength of the two terms ρ xx α xx and ρ xy α xy . In the theoretical study based on a non-interacting model, the opposite polarity is found to be a disorder effect 11 ,
i.e. depending on whether the disorder-broadened LL width is much larger or smaller than the scale of , the polarity can be opposite or regular, respectively. Our experiments present a first observation that the polarity of S xx switches when the mobility increases at a fixed temperature, which seems to be in agreement with this prediction. However, as we discuss later, the regular polarity observed in our highmobility state is due to another possibility, i.e. the zero-th LL splits into two distinct electron and hole
LLs. Fig. 3a shows the Nernst signal S xy at 150 K in device A with three different mobility states. S xy has a main peak at the Dirac point, accompanied by a pair of side dip and peak, as observed previously 12, 13, 14 . In different mobility states, the central peak position (or the Dirac point) varies slightly. We also plot the data with reference to the Dirac point using ΔV g . In the highest mobility (12900 cm 2 /Vs) state, the Nernst peak height, (S xy ) max , for per unit magnetic field reaches ~22 μV/KT, which is over four times larger than the previously reported value (~5 μV/KT) 13 . As the mobility increases, (S xy ) max increases and the full width at half maximum (FWHM) decreases. As shown in the inset of Fig. 3a we also measure the Nernst peak at different magnetic fields. In the highest mobility (12900 cm 2 /Vs) state, the magnetic field dependence of S xy is displayed in Fig. 3b . At low fields (< 2 T), no side features are present near the central peak. As the magnetic field strength increases, two side dips appear with a slight asymmetry, accompanying the linear increase in the central peak height. It is interesting to note that in the high-mobility state the FWHM of the central peak is broadened by the magnetic field strength. Fig. 3a shows the effect of the mobility on the FWHM of the central peak. As the mobility decreases, the central peak is clearly broadened. By comparing S xx with S xy in Figs. 2b and 3b, we do not observe any obvious features in S xy that correspond to the sub-features in S xx .
To resolve the sub-features in S xx that emerge in high-mobility states, we have carried out more detailed measurements of S xx up to 14 T on another high-mobility sample at 150 K (device B, with the highest mobility of 17000 cm 2 /Vs). Similar to device A, the sub-features near the Dirac point are clearly observed (Fig. 4a) . There is an asymmetry between the electron and hole sides. The main peak and dip at At 20 K, similar to S xx , more side peaks associated with more LLs are seen in S xy . In fact, the peaks and dips in S xx correspond well to the zeros in S xy , which are consistent with earlier observations 13 . In the highest mobility state of device A, (S xy ) max is also proportional to the magnetic field, with a slope ~19 μV/KT, comparable with that at 150 K. In device B, the low-temperature peak height (S xy ) max also increases as the mobility increases (Fig. 6b) , while the other side-peaks do not seem to be sensitive to the mobility change. Similar linear mobility dependence of (S xy ) max is observed as shown in the inset of Fig.   6b . This mobility dependence agrees qualitatively with the theoretical calculations with different degrees of disorder 11 . Hence, the Nernst effect may serve as a unique probe for studying the effect of disorder in graphene.
As shown in Fig. 5b , we also observe a double-peak feature in σ xx , which corresponds well to the subfeatures in S xx . The double-peak feature persists to ~ 150 K as previously shown in the inset of Fig. 4b . In measured ρ xx vs. V g , the zero-th LL is characterized by the highest central peak and no sub-features can be seen near the Dirac point. The pronounced double-peak feature is only resolved in σ xx , after the inverse of the resistivity tensor is calculated. However, in S xx , not only the sub-features are visible in raw data, but also the polarity information is contained. In Fig. 5c , the magnetic field dependence of the double peaks in σ xx and the corresponding sub-features in S xx is plotted along with the positions of the first LL peaks. 21 Clearly the position of all features follows linear magnetic field dependence. The double-peak feature in σ xx near the Dirac point reveals a diminished conductivity at the zero-th LL, which in turn implies an insulating state emerging in high magnetic fields probably as a result of the splitting of the zero-th LL. As this feature only exists in high-mobility samples, we could rule out the disorder-driven quantum Hall liquid to insulator transition. The physical origin of the insulating state has been a subject of extensive discussions 22, 23, 24, 25, 26 . Although the sub-features in S xx alone can be just an intrinsic effect of the zero-th LL as indicated by the numerical calculations based on non-interacting electrons with disorder 11 , the correlation with the double-peak structure in σ xx suggests an insulating state arising from the splitting of the zero-th LL in high-mobility graphene. Another indication is from the peak value of S xy , which is determined dominantly by α xy /σ xx , because 0. As α xy saturates to a universal value at high temperatures while σ xx reduces at the Dirac point with the emergence of an insulating state, (S xy ) max is greatly enhanced. The linear dependence of (S xy ) max on mobility also suggests that the minimum conductivity in the insulating state is inversely proportional to the carrier mobility. Hence, a thorough study of both electrical and thermoelectric transport properties in high-mobility graphene may shed light on the fundamental origin of the sub-features and related zero-th LL splitting. We note that the absence of sub-features in S xy in a gapped system is also observed in gapped bilayer graphene due to a bias voltage between two layers. Magnetic field dependence of S xy of the same device in the highest mobility state. H0, E1 and H1 as labeled in the inset of (a). The inset of (b) shows the double-peak feature in σ xx measured at 150 K that corresponds to the sub-features in S xx measured at the same temperature. In both σ xx and S xx , the corresponding first-LL features are also shown at higher gate voltages. 
